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We present a measurement of scintillation efficiency for a few tens of keV nuclear recoils (NR)
with a liquid argon time projection chamber under electric fields ranging from 0 to 3 kV/cm. The
calibration data are taken with 252Cf radioactive source. Observed scintillation and electrolumines-
cence spectra are simultaneously fit with spectra derived from Geant4-based Monte Carlo simulation
and an NR model. The scintillation efficiency extracted from the fit is reported as a function of
recoil energy and electric field. This result can be used for designing the detector and for the inter-
pretation of experimental data in searching for scintillation and ionization signals induced by WIMP
dark matter.
I. INTRODUCTION
Dark matter appears to be spread across galaxies
through astronomical and cosmological observations, and
many groups have been trying to detect it directly us-
ing a variety of detector techniques and target materials.
There are many direct detection experiments to identify
nuclear recoils (NR) induced by the elastic scattering of
weakly interacting massive particle (WIMP) off target
nuclei. The magnitude of the typical recoil energy in
these experiments is a few tens of keV. A liquid argon
(LAr) time projection chamber (TPC) is known to offer
several attractive features to search for a WIMP with a
mass in the GeV to TeV range [1–5]: the efficient con-
version of energy deposition into scintillation and ioniza-
tion signals, a powerful discrimination of NR signal from
an electronic recoils (ER) background, and a reasonably
high recoil energy for WIMP-Ar nuclear scattering due
to relatively small atomic mass of argon. In the double-
phase (liquid/gas) TPC, excitation and ionization are in-
duced by an incident particle after interacting with LAr,
leading to a prompt scintillation signal (S1). The active
volume of the detector is subjected to a uniform electric
field, which causes the ionization electrons to escape re-
combination and drift toward the gaseous region, where
they emit an electroluminescence signal (S2). It is known
that light and charge yields, i.e., the number of scintil-
lation photons and the number of ionization electrons,
respectively, produced by an NR of a given energy, de-
pend on both the energy and applied electric field. The
scintillation efficiency Leff is defined as the light yield
for NR per recoil energy relative to that of ER measured
at a null field. Although it has been measured by sev-
eral groups [6–11], the properties for electric fields greater
than 1 kV/cm have not been explicitly discussed yet. In
this work, we report the first measurement of the scintil-
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lation efficiency Leff resulting from a few tens of keV of
NR under electric fields up to 3 kV/cm.
II. NUCLEAR RECOILS MODEL
A. Framework
The observable quantities in the double-phase LAr-
TPC are S1 and S2 light signals. A schematic for the
conversion process of energy deposition into these observ-
able quantities is shown in Fig. 1. An energy deposition
of E0 is distributed as expressed in the following equa-
tion:
E0L
W
= Nex +Ni = Ni(α+ 1) (1)
where W = 19.5 eV is the effective work function [12], L
is an additional factor for NR that accounts for energy
loss due to atomic motion, Nex and Ni are the average
number of produced excitons and electron-ion pairs, re-
spectively, and α is the exciton-to-ion ratio. The factor
L is predicted using the Lindhard theory [13] as follows:
L =
kg()
1 + kg()
, (2)
k = 0.133Z2/3A−1.2,
g() = 30.15 + 0.70.6 + ,
 = 11.5(E0/keV)Z
−7/3,
where Z = 18 and A = 40 are the atomic and mass
numbers, respectively. The ratio α is parametrized as an
empirical function of the electric field F , similar to the
description for liquid xenon in Ref. [14],
α = α0 exp(−DαF ), (3)
where α0 and Dα are free parameters. Once the en-
ergy deposition is distributed to ionization, excitation,
or atomic motion channels, all the excitons contribute di-
rectly to the emission of scintillation photons. A fraction
of electrons recombines with ions to produce additional
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FIG. 1. Schematic for the conversion process of energy de-
position into observables. Energy deposition is distributed
to three channels: ionization, excitation, and atomic motion.
The excitations lead to S1, the ionization electrons lead to S2,
and the atomic motion is unobservable in LAr-TPC. Through
the recombination process, a ratio of S1 and S2 changes.
scintillation photons, whereas the rest of the electrons
become ionization electrons. The electrons drift toward
the gaseous region and emit electroluminescence. An em-
pirical modification [15] of the Thomas-Imel box model
(TIB model) [16] provides the recombination probability
R as follows:
R = 1− ln(1 +Niς)
Niς
, (4)
ς = γF−δ.
Here, γ and δ are free parameters. Biexcitonic quenching,
where a collision of two excitons produces a single pho-
ton, is incorporated by the Mei model [17]. The quench-
ing term fl is parametrized by
fl =
1
1 + kB(
dE
dx )el
, (5)
where kB is a free parameter. The electronic stopping
power (dEdx )el is given by Mei et al. as a function of the
recoil energy E0 (Fig. 5 in Ref. [17]). Summarizing
these effects, the number of produced scintillation pho-
tons, nph, and the number of produced ionization elec-
trons, ne, are expressed as follows:
nph = L× fl × E0
W
×
[
1−
( 1
1 + α
)
(1−R)
]
, (6)
ne = L× E0
W
×
( 1
1 + α
)
(1−R). (7)
These quantities are related to S1 and S2 as follows:
S1 = g1nph, (8)
S2 = g2ne, (9)
where g1 is the scintillation photon collection efficiency
and g2 is the average number of detected electrolumines-
cence photons per one drift electron. Both g1 and g2 are
considered as detector properties and remain constant for
NR and ER events.
B. Fitting procedure
For NR at a null field, R is expected to be 1; there-
fore, kB is the only free parameter to account for the
quenching. As applying the electric field, R is expected
to decrease, resulting in the suppression of S1 signal and
production of more S2 signal. The related parameters of
this process are α0, Dα, γ, and δ in Eqs. (3) and (4). In
the previous measurements of the light yields, a value of
α ∼ 1 is suggested to describe the observed data [8, 11].
We interpret the value to the approximation at the lower
electric field and constrain α0 to 1. We first determine
kB from the S1 spectrum of the null field data sample,
and then Dα, γ, and δ are obtained from both S1 and S2
spectra under electric fields.
In this measurement, 511 keV γ ray line from a 22Na
source is used as the reference ER events of the scintil-
lation efficiency Leff . By definition of the effective work
function W , the observed S1 light signal (S1Na) by the
energy deposition of ENa = 511 keV from ER at null field
is represented as following:
S1Na = g1
ENa
W
. (10)
Equation (10) implies L = fl = R = 1 for ER at a null
field, which comes from the definition of the W rather
than the true underlying values of these effects. From
Eqs. (6), (8), and (10), the scintillation efficiency Leff
referenced to the 511 keV γ-ray line of a 22Na source is
given by
Leff(E0, F ) =
(S1/E0)
(S1Na/ENa)
=
nph
E0/W
. (11)
A value of g1 = 0.12±0.01 is measured in this work and
will be described in Sec. III B. We derived g2/g1 value
by analyzing the ER data samples under electric fields
that were taken by the same experimental condition [18].
A value of g2/g1 = 10 ± 2 is obtained and used as the
detector constants.
III. APPARATUS
A. Detector and geometry
We measured the scintillation efficiency at the LAr
test stand at Waseda University [19]. The double-phase
TPC used in this study has an active region of diameter
of 6.4 cm and height of 10 cm with two PMTs (pho-
tomultiplier tubes) (HAMAMATSU R11065). An ex-
traction grid is placed at the top of the active region.
The gap between the extraction grid and anode is 1 cm,
and the liquid surface is kept centered between them.
A Cockcroft-Walton circuit is mounted in the LAr that
surrounds the TPC to supply high voltage to the elec-
trodes of TPC. Data were taken under electric fields of
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FIG. 2. Schematic of the experimental apparatus.
0.0, 0.2, 0.5, 1.0, 2.0, and 3.0 kV/cm. More details are de-
scribed elsewhere [19–21].
Figure 2 shows a schematic of the experimental ap-
paratus used in this measurement. A 252Cf neutron
source with a spontaneous fission rate of approximately
1× 105 fission/s is placed at a distance of 1.01± 0.01 m
from the center of the TPC. A NaI(Tl) scintillator
(2 in.× 2 in. cylinder) located beside the neutron source
provides timing information by detecting associated γ
ray. A lead shield surrounds the vessel to suppress back-
ground from ambient γ rays. Other background arises
because of neutrons from the 252Cf source; this back-
ground from the 252Cf source reaches the active region
via a single or multiple scattering at any part of the ma-
terials in the laboratory. Water and polyethylene shields
are placed to suppress these scattered neutrons. The
data acquisition is triggered by the coincidence between
the TPC PMTs and NaI(Tl) scintillator signals within a
1 µs window. Both TPC PMT and NaI(Tl) scintillator
waveforms are digitized at a frequency of 250 MHz us-
ing a flash ADC (SIS3316). The length of the digitizer
records is set to a value long enough to detect S2 of the
maximum drift (10 cm) events.
B. Energy calibration of TPC
Figure 3 shows the S1 spectrum of the 22Na data
taken at a null field. We determine the observed S1
signal per ER energy at a null field, S1Na/ENa, as
5.9 ± 0.3 p.e./keVee (p.e.: photoelectron, ee: electron
equivalent) by fitting 511 keV full absorption peak with
a Gaussian plus exponential function. The corresponding
scintillation photon collection efficiency g1 of the detector
is 0.12± 0.01.
IV. EVENT RECONSTRUCTION
The energy of the incident neutron from the 252Cf
source is reconstructed based on time of flight (TOF), i.e.,
the time difference between the NaI(Tl) and TPC signals.
The arrival time of a pulse is identified as the first digi-
tized sample above a threshold of 50% peak amplitude.
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FIG. 3. 22Na spectrum for the energy calibration at a null
field, with the Gaussian plus exponential fitting around the
511 keV full absorption peak.
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FIG. 4. Distribution of the PSD parameter (slow/total) ver-
sus S1 with data taken with the 252Cf neutron source under
the electric field of 3 kV/cm. Two dashed lines correspond to
the band for PSD cut (±1σ).
The S1 is reconstructed as an integrated charge in the
time interval between −0.04 and 5.0 µs. The pulse shape
discrimination (PSD) parameter slow/total is defined as
the fraction of light detected after 0.12 µs of the S1 sig-
nal. The S2 is reconstructed as an integrated charge after
10 µs in the data acquisition window. Events of the data
samples are selected by requiring one proper S1 pulse.
For data samples taken under the electric fields, the addi-
tional requirement to have one proper S2 pulse is applied
to select single scattered NR events. Figure 4 shows a
distribution of the PSD parameter (slow/total) versus S1
with data taken under the electric field of 3 kV/cm, after
requiring the TOF to be in the range of 43-111 ns, corre-
sponding to an incident neutron energy of 0.41-2.44 MeV.
The neutrons from the 252Cf source can induce a γ ray
through an interaction with passive detector materials.
These induced γ rays are observed to result in ER events
having neutronlike timing. Thus, a PSD band cut (±1σ)
is imposed to select NR events and suppress ER con-
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FIG. 5. Comparison between data and the MC TOF spectra.
The vertical dashed lines and gray arrow represent the TOF
range where the simultaneous fit is performed. Contamina-
tion from ER events that are not simulated in MC produces
the peak around 0 s.
tamination. A contribution from accidental coincidence
backgrounds is estimated from a negative TOF window
of −0.9 to −0.2 µs.
V. METHOD
A. Monte Carlo
Energy deposits by the neutrons are simulated in a
Geant4-based [22, 23] Monte Carlo (MC) simulation of
the experimental apparatus, using a neutron spectrum of
252Cf in Ref. [24] and nuclear data library files G4NDL
4.5 [25–27] with revised differential cross sections for elas-
tic scattering from Ref. [28]. We confirmed the validity
of the simulation using a comparison of the TOF distri-
bution between data and MC in Fig. 5. The observed
events in data at around TOF = 0 s mainly consist of
low-energy (S1 . 30 p.e.) events. These events are con-
sidered as contamination from ER events and not used
in this analysis. Figure 6 shows the energy deposition
(E0) distribution from the MC simulation for the TOF
range of 79-83 ns, corresponding to a neutron energy of
about 0.75 MeV. While the 252Cf source has a continuous
neutron spectrum, a backscatter edge would be visible by
constraining the TOF. The edge of each TOF bin is useful
to resolve degeneracy between the free parameters as de-
scribed later. The leading contribution is expected from
the neutrons that are scattered more than once in any
part of the apparatus (such as neutron/gamma shield-
ings, the vessel, and the LAr that surrounds the TPC)
before reaching the active region. However, the position
of the backscatter edge is not affected, as shown in Fig.
6.
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FIG. 6. Energy deposition spectra derived from Geant4-based
MC simulation. Shown are all NR in the LAr active region
(solid line), contributions from single scattered NR events
(i.e., neutrons that scattered only once in the active region)
(dashed line), and neutrons that reached without any scat-
tering in any part of the apparatus before reaching the active
region (dotted line).
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FIG. 7. S1 spectrum of the NR data sample taken at a null
field and MC-derived spectrum simultaneously fitted to ex-
perimental data for TOF in the range of 79-83 ns. The area
indicated by vertical dashed lines and gray arrow represents
the fitting range.
B. Data fitting
The parameters in the NR model are measured by fit-
ting the obtained S1 and S2 spectra of each TOF bin (4 ns
interval) with the spectra derived from the MC simula-
tion and the NR model described in Sec. II. The fit is
simultaneously performed in the TOF range of 43-111 ns
(total 17 TOF bins). The MC spectra of both S1 and S2
are convolved with Gaussian resolution functions. Figure
7 shows an example of the S1 spectrum and the fitted MC
spectrum for a TOF bin of 79-83 ns at a null field. Figure
8 shows the spectrum for the entire TOF range of inter-
est with the 17 MC spectra for each TOF bin. Figure
9 shows an example of the S1 and S2 spectra and the
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FIG. 8. S1 spectrum of the NR data sample taken at a null
field (black point) and MC-derived spectrum simultaneously
fitted to experimental data (gray line) for the entire TOF
range of interest. Also shown are MC-derived spectra (colored
lines) representing the contribution of each TOF bin, from
43-47 ns (red) to 107-111 ns (violet). The area indicated
by vertical dashed lines and gray arrow represents the fitting
range.
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FIG. 9. S1 (top) and S2 (bottom) spectra of the NR data sam-
ple taken at the electric field of 3.0 kV/cm and MC-derived
spectra simultaneously fitted to experimental data for TOF in
the range of 79-83 ns. The areas indicated by vertical dashed
lines and gray arrow represent the fitting range.
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FIG. 10. S1 (top) and S2 (bottom) spectra of the NR data
sample taken at the electric field of 3.0 kV/cm and MC-
derived spectra simultaneously fitted to experimental data for
the entire TOF range of interest. The figure description is the
same as in Fig. 8.
fitted MC spectra for a TOF bin of 79-83 ns under the
electric field of 3 kV/cm. The spectra for the entire TOF
range of interest with the respective 17 MC spectra are
shown in Fig. 10. We should note that since the spectra
for the entire TOF range of interest have a smooth spec-
trum shape, as shown in Figs. 8 and 10, it is difficult to
uniquely resolve the degeneracy between the free param-
eters by the inclusive shape. However, the backscatter
edge of each TOF bin makes it possible to access each
parameter. This is because the edges characterize a light
and charge yield dependency on the NR energy. We also
note that the fit range of the S2 spectra is constrained to
below 500 p.e. as the discrepancy between data and the
MC simulation is observed above 500 p.e. This discrep-
ancy is presumably due to the multiple scattered events
that survive the event selections mentioned above.
As a demonstration, Fig. 11 shows the 252Cf data
for all the five values of an electric field with an overlay
of the prediction (shown by solid line) in log10(S2/S1)
versus the S1 plane. Reasonable agreements of the mean
value of the log10(S2/S1) distributions are achieved at all
the five electric fields.
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FIG. 11. 252Cf data taken with the electric fields of 0.2, 0.5, 1.0, 2.0, and 3.0 kV/cm (from left to right and top to bottom) in
log10(S2/S1) versus the S1 plane, overlaid with the prediction from the NR model and the best fit parameters (solid line).
VI. RESULT
A set of the best fit parameters is summarized in Table
I and the resulting Leff spectrum at each electric field is
shown in Fig. 12. We constrain the S1 fit range between
30 keV and 200 keV in order to have sufficient PSD power
to extract pure NR events and also to ensure enough
statistics for stabilizing the fitting procedure. From the
functional modeling, however, the energy range can be
extrapolated to both lower and higher energy regions as
represented with dashed lines in Fig. 12.
In this measurement, there are four systematic uncer-
tainties: energy calibration of the detector, the distance
from TPC to 252Cf source, the absolute TOF measure-
ment, and the g2/g1 ratio, which are considered to be
uncorrelated each other. We evaluate the impacts on the
fitting parameters by shifting up/down within their un-
certainties as shown in Table II. In principle, all the data
sets, i.e. all the electric fields data, are affected by these
systematic sources in the same way, so we vary each un-
certainty for all the data sets in common and reperform
all the fitting. It should be noted that uncertainty on en-
7TABLE I. Results from the simultaneous fit of 252Cf data
with the MC simulation and the NR model described in Sec.
II, together with their statistical uncertainties.
Parameter Value
kB [g/(MeV · cm2)] (3.12± 0.05)× 10−4
α0 (fixed) 1.0
Dα [(V/cm)
−1] (8.9± 0.5)× 10−4
γ [(V/cm)δ] 1.15± 0.02
δ (5.76± 0.03)× 10−1
Recoil Energy (MeV)
2−10 1−10
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0.3
0.4
ℒ
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FIG. 12. Scintillation efficiencies Leff as a function of the
NR energy measured in this work. The colored solid lines
represent the results from this work, and the corresponding
dashed lines are extrapolations.
ergy calibration, mainly due to time dependence on the
PMT gain and absolute light yield, is partially indepen-
dent on different data sets, though we treat it as fully
correlated to assign conservative error on this measure-
ment. The value kB is determined by S1 only with null
field data; thus, it is not affected by g2/g1 uncertainty
at all. Statistical uncertainty throughout the measure-
ment is about 10%-20% of the systematic uncertainty.
In addition, although we are not aware of any theoretical
description of the empirical field dependency of α, the
model of Eq.(3) seems valid with our data samples and
parametrizations.
Since the scintillation response in LAr for ER in the
range 41.5-511 keV at a null field is constant within 1.6%
[11], our result can be subjected to the comparison with
other Leff measurements using other reference sources
(such as 83mKr [8] or 241Am [11]), a different experi-
mental setup, and analysis method. Figure 13 shows
the comparison of Leff from this work to the previous
measurements by other groups [8, 10, 11] for without an
electric field (top) and with electric fields (bottom) cases.
The colored bands in Fig. 13 represent the total uncer-
tainties, evaluated by adding each deviation of Leff due
to the systematic shift in Table II in quadrature. Al-
though this work shows systematically higher Leff than
the other measurements, they are still consistent within
their uncertainties.
TABLE II. Sets of fit parameters corresponding to four sys-
tematic uncertainty sources (energy calibration of the detec-
tor (E-calib.), the distance from TPC to 252Cf source (TOF-
arm), TOF time calibration estimated by direct γ-ray events
(TOF t0), and the value of the g2/g1 ratio (g2/g1)). The units
of each parameter are the same as in Table I.
Source
kB Dα γ
δ
[×10−4] [×10−4] [×10−1]
E-calib.
+0.3 p.e./keVee 3.71 9.2 1.15 5.75
−0.3 p.e./keVee 2.54 8.9 1.16 5.76
TOF-arm
+1 cm 3.35 8.2 1.16 5.77
−1 cm 2.90 9.5 1.15 5.75
TOF t0
+1 ns 3.54 8.9 1.15 5.75
−1 ns 2.71 8.8 1.15 5.77
g2/g1
+20% N/A 12 0.93 5.78
−20% N/A 5.4 1.62 5.86
The products from this measurement (parameter list,
function form, and uncertainty band) are publicly avail-
able online [29].
VII. CONCLUSION
The scintillation efficiency of LAr for NR ranging from
30 to 200 keV relative to 511 keV ER is systematically
measured under electric fields from 0 to 3 kV/cm using
a small size double-phase TPC and a 252Cf radioactive
source. In this measurement, observed S1 and S2 spectra
are simultaneously fit with the simulated energy deposits
by taking into account correlations between the light and
charge yields. The parametrization model we employ in
this paper is based on existing models (the Mei model
and TIB model) described by the function of the recoil
energy and electric field. As a result, the scintillation
efficiency Leff is successfully modeled up to 3 kV/cm
within systematic uncertainty. The model allows us to
fully predict the scintillation yield at any recoil energy
and any electric field between 0 to 3 kV/cm.
In the field of WIMP dark matter search experiments,
the scintillation efficiency and the charge yield are essen-
tial parameters to convert from observed S1 and S2 sig-
nals to the recoil energy by WIMP-Ar scattering. Thus,
comprehensive parametrization of LAr property reported
in this work makes use of interpretation between the ex-
perimental data and physics process under various elec-
tric fields, and also can contribute to better understand
systematic uncertainty for a low energy signal region in
the search. Furthermore, not only a WIMP search, these
results would be also useful for other physics experiments
[30–32], where understandings of the LAr property are
necessary and play important role for obtaining physics
outcomes.
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FIG. 13. Top: Comparison with previous Leff measurements
(SCENE [8], ARIS [11], and DarkSide-50 [10]) at a null field.
The black solid line is the result from this work (same as in
Fig. 12), and the orange band represents the total uncertainty
on Leff . Bottom: The comparison under electric fields of
0.2 and 1.0 kV/cm. The solid colored lines are the results
from this work (same as in Fig. 12), and the corresponding
bands represent total uncertainty on the Leff , including the
uncertainty from the g2/g1 ratio.
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